Autophagy is a primary route for nutrient recycling in plants by which superfluous or damaged cytoplasmic material and organelles are encapsulated and delivered to the vacuole for breakdown. Central to autophagy is a conjugation pathway that attaches AUTOPHAGY-RELATED8 (ATG8) to phosphatidylethanolamine, which then coats emerging autophagic membranes and helps with cargo recruitment, vesicle enclosure, and subsequent vesicle docking with the tonoplast. A key component in ATG8 function is ATG12, which promotes lipidation upon its attachment to ATG5. Here, we fully defined the maize (Zea mays) ATG system transcriptionally and characterized it genetically through atg12 mutants that block ATG8 modification. atg12 plants have compromised autophagic transport as determined by localization of a YFP-ATG8 reporter and its vacuolar cleavage during nitrogen or fixed-carbon starvation. Phenotypic analyses showed that atg12 plants are phenotypically normal and fertile when grown under nutrient-rich conditions. However, when nitrogen-starved, seedling growth is severely arrested, and as the plants mature, they show enhanced leaf senescence and stunted ear development. Nitrogen partitioning studies revealed that remobilization is impaired in atg12 plants, which significantly decreases seed yield and nitrogen-harvest index.
INTRODUCTION
Available nitrogen (N) is a major external factor influencing plant growth, and its supply as fertilizer is the largest single cost in crop management with 114 million metric tons expected to be used globally to augment production in 2015 (http://faostat3.fao. org/). As might be expected, N utilization involves sophisticated mechanisms for uptake, translocation, assimilation, and remobilization, which are tightly associated with the plant's life cycle (reviewed in Chardon et al., 2012; Xu et al., 2012) . During early vegetative stages, developing roots and leaves function as sinks for the uptake of inorganic N and its subsequent incorporation into amino acids via the nitrate/nitrite reductases and the ammonia assimilation pathways. The accumulating amino acids then provide building blocks for synthesizing the myriad of enzymes and structural and regulatory proteins required for photosynthesis, growth, and other metabolic activities. During the latter phases of plant development, leaf proteins are catabolized and the released amino acids and other nitrogenous compounds are exported to reproductive and storage organs (Masclaux-Daubresse et al., 2008) . In cereals, 50 to 90% of seed N is derived from these remobilized stores, a process that is strongly dependent on genotype (Kichey et al., 2007) . As examples, 20 to 50 g of N is required by maize (Zea mays), wheat (Triticum aestivum), and rice (Oryza sativa) to produce 1 kg of grain (Robertson and Vitousek, 2009) .
As a major source of remobilized N, leaf proteins, especially those in the chloroplasts, are rapidly degraded before the onset of reproduction, which culminates in the export of most available N during the final senescence program of the leaf (Patrick and Offler, 2001) . Although the routes for protein turnover in aging leaves are not fully understood, plastid resident proteases, senescenceassociated vacuoles (SAVs), and macroautophagy (hereafter referred to as autophagy) are considered to be three important routes (Otegui et al., 2005; Ishida et al., 2008; Wada et al., 2009; Roberts et al., 2012) . As examples, the transcript levels of multiple chloroplast proteases and various components of the autophagic machinery are known to rise early during leaf senescence in Arabidopsis thaliana and various cereals (Parrott et al., 2007; Liu et al., 2008; Phillips et al., 2008; Ruuska et al., 2008; Breeze et al., 2011; Avila-Ospina et al., 2014; Penfold and Buchanan-Wollaston, 2014) and is concomitant with the export of major protein stores like Rubisco and glutamine synthetase into SAVs with intense proteolytic activity (Otegui et al., 2005; Martínez et al., 2008) . In addition, direct connections between autophagy and the turnover of chloroplast and mitochondrial constituents was provided by the study of autophagy mutants during leaf senescence (Ishida et al., 2008; Wada et al., 2009; Izumi et al., 2010; Li et al., 2014) . For chloroplast turnover in particular, a special type of autophagy has been proposed whereby Rubisco-containing bodies bud from stromule projections and are then delivered to vacuoles for breakdown (Ishida et al., 2008; Spitzer et al., 2015) . Autophagic recycling is accomplished by the sequestration of cytoplasmic material into a double membrane-bound compartment called the autophagosome. Its outer membrane fuses with the tonoplast to release the inner vesicle as an autophagic body into the vacuolar lumen for breakdown. Studies, first with yeast and subsequently in plants and animals, defined a suite of autophagyrelated (ATG) proteins that direct the process in response to internal and external cues (Li and Vierstra, 2012; Feng et al., 2014) . Included are factors that help recruit membranes to the emerging cup-shaped phagophore, choose appropriate cargo for capture, close phagophores to form autophagosomes, deliver the vesicles to the vacuole (lysosome in animals), and degrade the resulting autophagic bodies. Central components include the ATG1 kinase complex that responds to upstream nutritional cues provided by TOR and other sensor kinases, the ATG2/9/18 transmembrane complex that likely supplies membranes to the phagophore, the ATG6/Vacuolar Protein Sorting-Associated Protein 34 (VPS34)/ATG14/VPS15 phosphatidylinositol-3 (PI3) kinase complex that assists with vesicle nucleation, and the ATG8/ATG12 conjugation pathway that promotes cargo capture, vesicle expansion and closure, and fusion of autophagosomes with the vacuole. Cargo includes unwanted or damaged mitochondria (mitophagy; Li et al., 2014) , chloroplasts (chlorophagy; Ishida et al., 2008; Wada et al., 2009) , peroxisomes (pexophagy; Farmer et al., 2013; Kim et al., 2013; Shibata et al., 2013) , large protein complexes such as ribosomes (ribophagy; Hillwig et al., 2011) and proteasomes (proteaphagy; Marshall et al., 2015) , insoluble protein aggregates that become toxic if not eliminated (aggrephagy; Zhou et al., 2013) , and even invading pathogens (xenophagy; Gutierrez et al., 2004; Nakagawa et al., 2004) . Bulk cytoplasm can also be engulfed indiscriminately should nutrient supply become substantially limiting.
The ubiquitin-fold proteins ATG8 and ATG12 are signature components of the ATG autophagic system (Li and Vierstra, 2012; Ohsumi, 2014) . Through conjugation cascades analogous to those used for ubiquitylation, ATG8 and ATG12 are activated by a common ATP-dependent E1 activating enzyme, ATG7, and subsequently transferred to their respective E2 conjugating enzymes, ATG3 and ATG10. Activated ATG12 is donated to the ATG5 protein and becomes covalently attached via an isopeptide bond between its C-terminal glycine and a conserved lysine in ATG5. After associating with ATG16, the ATG12-ATG5 adduct provides the ligase activity that couples the C-terminal glycine from activated ATG8 to phosphatidylethanolamine (PE). This ATG8-PE adduct then coats expanding phagophores and serves as a docking platform for factors that promote vesicle closure and tonoplast fusion, as well as for numerous autophagy receptors that recruit appropriate cargo (Li and Vierstra, 2012; Klionsky and Schulman, 2014; Rogov et al., 2014) . These receptors have separate recognition sites for specific cargo and ATG8-PE, using a short ATG8-interacting motif (AIM) for ATG8 binding. Included are plant and animal Next to BRCA1 Gene 1 Protein (NBR1), mammalian p62/SEQUESTOSOME1, and yeast (Saccharomyces cerevisiae) Cue5/Tollip proteins that bind ubiquitylated aggregates, yeast ATG30 and ATG36 for pexophagy, mammalian BCL2/Adenovirus E1B 19-kD-Interacting Protein 3 for mitophagy, and Arabidopsis Tryptophan-rich Sensory Protein, ATG8-Interacting Protein 1, and Regulatory Particle nonATPase 10 (RPN10) that identify free porphyrins, chloroplast proteins, and inactivated proteasomes, respectively (Svenning et al., 2011; Vanhee et al., 2011; Zientara-Rytter et al., 2011; Michaeli et al., 2014; Rogov et al., 2014; Marshall et al., 2015) .
Genetic analyses with yeast, mammalian cells, and Arabidopsis have demonstrated that autophagy is the major contributor to cellular housekeeping and recycling and is thus essential for alleviating nutrient stress (Li and Vierstra, 2012; Ohsumi, 2014) . For Arabidopsis in particular, most autophagy-associated loci are transcriptionally upregulated by nutrient starvation and during the senescence of various tissues, and mutants abrogating the system are hypersensitive to N-and fixed-carbon (C)-limiting conditions and display accelerated senescence even under nutrient-rich conditions (Doelling et al., 2002; Chung et al., 2010; Thomas, 2013) . As a consequence, Arabidopsis autophagy mutants have reduced fecundity that results in lower seed yield and reduced seed N (Doelling et al., 2002; Guiboileau et al., 2012) . In addition, autophagy is activated in response to other extra-or intracellular stress signals, such as endoplasmic reticulum stress, heat shock, and pathogen infection, presumably to clear abnormal/dysfunctional organelles and proteins that accumulate (Hayward and DineshKumar, 2011; Zhou et al., 2013) . For rice, the ATG system has also been implicated in pollen development through control(s) on tapetal lipid metabolism (Kurusu et al., 2014) .
Given that autophagy likely affects many important agronomic processes, including nutrient remobilization from senescing leaves into seeds and other storage organs, pathogen defense, and responses to various abiotic challenges (Li and Vierstra, 2012; Avila-Ospina et al., 2014) , it should have a major impact on crop productivity, especially under suboptimal field conditions. While our understanding of how autophagy contributes to plant physiology has been largely gained from studies with Arabidopsis, defining its importance to crops is now needed. Previously, we described the maize ATG8/12 conjugation pathways and showed that the transcript levels of maize Atg genes and the lipidation status of ATG8 are tightly regulated during development and in response to nutrient availability (Chung et al., 2009) . Here, we more fully characterized the maize ATG system through detailed transcriptome analysis, the exploitation of a fluorescent ATG8 reporter to track autophagic vesicles, and phenotypic and 15 N partitioning studies with atg12 mutants to show that autophagy plays a central role in maize N utilization. Given this impact, controlling nutrient recycling by altering the timing and strength of autophagy might offer novel strategies to improve N utilization by maize and other crops.
RESULTS

Genome-Wide Identification of Atg Genes in Maize
Prior studies by Chung et al. (2009) defined the maize genomic loci that encode components of the ATG8 and ATG12 conjugation cascades, which culminate in the formation of the ATG8-PE adduct. Here, we extended this description to predict a number of upstream complexes/factors using BLAST searches against the maize B73 inbred genome (http://www.maizegdb.org/) combined with relevant Arabidopsis queries (Li and Vierstra, 2012) . By aligning cDNA, EST, and/or RNA-seq data (see below) with the complete B73 genomic sequence, the exact gene models based on the most dominant transcripts were built (Figure 1) . Included in the list were 13 genes encoding components of the ATG1 kinase complex (Atg1a, b, c, and t, Atg11a and b, Atg13a-f, and Atg101), 12 for the ATG9/2/18 complex (Atg2, Atg9, and Atg18a-j), five components of the PI3 kinase complex (Atg6a and b, Vps34, and Vps15a and b), and two for the ubiquitin cargo receptor NBR1 (Nbr1a and b), which can now be added to the 12 loci described previously as encoding factors involved in ATG8/ATG12 conjugation (Atg3, Atg4a and b, Atg5, Atg7, Atg8a-e, Atg10, and Atg12). The only uncertainties were Atg18i, Atg18j, and Nbr1b, whose gene models could not yet be supported by mRNA sequence information. In the absence of transcripts, the intron/exon junctions and coding regions for these three loci were predicted from nucleotide alignments with available paralogs (Figure 1 ). We also discovered a likely ortholog of ATG16, which constitutes part of the ATG8 ligation complex (Figure 1 ). Plant versions of Atg16 had escaped our prior searches due to low sequence homology with their yeast counterpart; the Arabidopsis (At5g50230) and maize (GRMZM2G078252) loci were eventually discovered by alignments with human and mouse ATG16L1.
As shown in Supplemental Table 1 online, the identified maize Atg genes are 30 to 50% identical and 40 to 70% similar to their Arabidopsis orthologs except for the highly conserved ATG8 and ATG12 proteins, with 85%/95% identity/similarity. Whereas Arabidopsis expresses two of the nine ATG8 isoforms (ATG8h and i) with the C-terminal glycine required for conjugation exposed, and thus can act without cleavage by the ATG4 protease, all five isoforms of maize ATG8 are capped with additional residues beyond this glycine and thus require ATG4 processing. Like Arabidopsis, several maize ATG components are encoded by single genes (Atg2, Atg3, Atg5, Atg7, Atg9, Atg10, Atg12, Atg101, and Vps34), which make them practical targets for reverse genetics, whereas others are encoded by small gene families that imply redundancy/subfunctionalization (Atg1, Atg8, Atg13, and Atg18) (Figure 1 ; Supplemental Table 1 ). For the Atg1 gene family in particular, the Atg1t paralog in maize and other plants encodes a truncated protein containing the complete kinase domain but missing the C-terminal regulatory domain, which is relevant to ATG1 function in other organisms by fostering interactions with ATG13 and ATG11/FIP200 (Cheong et al., 2008; Hara and Mizushima, 2009) . Strikingly, the maize ATG1t protein terminates close to or at the same amino acid position as those found in Arabidopsis and other plant species (Suttangkakul et al., 2011) , implying that this conserved truncation predates the seed plant lineage and is likely relevant to a novel activity for this isoform.
The Atg18 gene family in maize and likely in other plants was also unusual. In line with Atg18j being a possible nontranscribed pseudogene, it is also unique by being devoid of introns, suggesting that it arose by retrotransposition of an Atg18 mRNA. The Atg18 family could also be grouped by the size of the encoded protein. Whereas most paralogs (Atg18a-e and Atg18i-j) encode relatively short proteins of ;370 to 450 amino acids that align reasonably well with their Arabidopsis, yeast, and animal orthologs, Atg18f-h encode proteins more than double this length with the extra amino acids introduced by novel regions interspersed among the conserved regions and by a long C-terminal extension (Figure 1 ). Arabidopsis and other plants, but not fungi or animals, express similarly large ATG18 isoforms (Xiong et al., 2005) , suggesting that they have unique plant-specific function(s).
RNA-seq Analysis of Maize Atg Gene Expression
To investigate the spatial and temporal expression patterns of Atg genes in maize, we quantified transcript abundance from an extensive RNA-seq data set generated from a broad range of tissues (80 total), including whole seeds, endosperm, embryo, leaf, root, stem, internode, anther, tassel, silk, and ear ( Figure 2 ). Previous studies with Arabidopsis showed that many ATG genes are expressed ubiquitously and that their transcript levels are upregulated during senescence and by nutrient stress (Contento et al., 2004; Sláviková et al., 2005; Thompson et al., 2005; Rose et al., 2006; Breeze et al., 2011) . A majority of maize Atg loci displayed a similarly widespread pattern of expression ( Figure 2) . Notably, many Atg transcripts were upregulated in older leaves and in the leaf tip, which represents the most mature zone of a maize leaf (30 and 27 loci, respectively). This age-related increase was subsequently confirmed by quantitative RT-PCR on select transcripts over the full set of leaves and the base, middle, and tip regions of the seventh leaf for plants beginning pollination (Supplemental Figure 1) . Together, the transcriptomics imply a central role for autophagy in directing breakdown/recycling as maize leaves age and during their final senescence program. Similarly, we found that the mRNA levels for 28 Atg genes were significantly higher in the more mature zone of roots (primary root region Z4 harvested 7 d after sowing [DAS]; Figure 2 ) than in the younger regions that encompass the root cap (Z1), division zone (Z2), and elongation zone (Z3). Interestingly, we also detected increased transcript abundance during seed development (29 loci), which appeared to be confined to the endosperm and not embryo (e.g., four of the five Atg8 loci, Atg1a, Atg3, Atg18c, and Vps15a), strongly suggesting that autophagy participates in the maturation and death of the endosperm during seed development (Figure 2 ). Despite widespread coverage over numerous tissues and developmental states, no expression evidence for Atg18i, Atg18j, and Nbr1b was gathered, suggesting that they are transcriptionally inactive, although restricted expression patterns in tissues not yet examined cannot be discounted (Supplemental Table 2 ).
With respect to the maize Atg gene families, our RNA-seq analyses also revealed expression differences and potential tissue-specific functions for the corresponding protein isoforms. For example, Atg1a is dominantly expressed during endosperm development and in leaves but is generally less active in other tissues as compared with its paralogs (Figure 2 ). The Atg18 family, which helps transport lipids to the expanding autophagic membranes (Li and Vierstra, 2012; , could be subdivided into four groups based on mRNA patterns (Figure 2; Supplemental Figure 2 ). The first group, encompassing Atg18a, Atg18c, and Atg18g, had ubiquitous expression patterns, whereas the second group, containing Atg18e, Atg18f, and Atg18h, displayed elevated expression in the whole seed and endosperm, suggesting a role in seed development. All six genes in these two groups were also highly expressed in the leaf Genetic Analysis of Maize Autophagy 3 of 20 tip and older leaves. The third group included only Atg18b; its transcripts were most abundant in the endosperm and increased in number as this nutritive tissue matured. Atg18d by itself formed the last group: It was expressed preferentially in anthers above all other tissues, implying a highly specific role for this isoform during anther and/or pollen development. Grouping the expression patterns via the R statistical package identified several coexpression clusters that might be relevant, including Atg1a/Atg18b, Atg1b/Atg13a, Vsp15b/Atg11b, and Atg101/ Atg18c, suggesting that specific isoforms of the autophagic machinery work in concert through coexpression (Supplemental Figure 3 and Supplemental Data Set 1). The RNA-seq studies also extended our prior observations (Chung et al., 2009 ) that many maize Atg transcripts frequently undergo alternative splicing (26 of 41 loci; Supplemental Table  1 ). Most genes generated a dominant splice variant (20 loci) that accounted for >70% of total transcripts, whereas a few genes (six including three Atg1 loci) produced multiple splice variants at more equal levels. Interestingly, we also discovered that several Atg genes are alternatively spliced in tissue-and/or Included are genes encoding components from the ATG1 kinase complex, the ATG9/2/18 complex, the PI3 kinase complex, the ubiquitin receptor NBR1 that helps recognize ubiquitylated substrates during selective autophagy, and ATG16 that associates with the ATG12-ATG5 conjugate and promotes formation of the ATG8-PE adduct. The amino acid sequence length and maize genome GRMZM accession number of each protein/gene are on the right. Colored and gray boxes denote coding regions and untranslated regions, respectively. Lines indicate introns. The conserved lysine (K) within the ATP hydrolysis site in the ATG1 kinase family is indicated by arrowheads. The kinase domain (KD) and regulatory domain (RD) in ATG1, the ATG11 domain in ATG11, and the Phox and Bem1p (PB1), ZZ-type zinc finger (ZZ), four tryptophan (FW), and ubiquitin-associated (UBA) domains in NBR1 are shown. See Supplemental Table 1 for more information on each gene.
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The Plant Cell growth-specific patterns that could have developmental consequences (Supplemental Figure 4) . For example, of the three annotated splice isoforms of Atg1b, the T01 isoform increased in abundance during endosperm maturation and as leaves aged, whereas the T02 isoform dropped in abundance during endosperm maturation. Likewise, the two splice forms of Atg1t showed reciprocal changes in abundance during endosperm development and leaf aging.
Identification of Maize Mutants Inactivating Atg12
To help appreciate autophagy in crop species and its potential impact on productivity, we used the list of annotated maize autophagy genes to dissect the system via reverse genetics. From searches of the various transposon insertion populations, including the UniformMu (McCarty et al., 2005) and Ac/Ds collections (Vollbrecht et al., 2010) , we identified potentially useful alleles affecting a number of Atg loci (e.g., Atg3, Atg5, Atg10, Atg12, and Nbr1a). Of relevance here are two UniformMu insertions (atg12-1 and atg12-2) impacting the single gene encoding ATG12. Sequencing genomic PCR and RT-PCR products spanning the Atg12 locus revealed that the two lines harbored a Mu element within the fifth exon and intron, respectively, which drove the accumulation of longer Mu-containing mRNAs compared with their wild-type W22 parent ( Figures 3A and 3C ). The atg12-1 transcript contained a 156-bp insertion after Glu-65 that encoded a random 51-residue sequence followed by a stop codon, whereas the atg12-2 transcript contained a 159-bp insertion after Asn-72 that encoded a similar 52-amino acid sequence followed by a stop codon ( Figure 3A ; Supplemental Figure 5 ). Besides introducing a long stretch of additional amino acids, the insertions also eliminated the C-terminal end if the mutant atg12 polypeptides were translated. As the absent regions bear the terminal glycine essential for conjugation of ATG12 to ATG5, the resulting atg12-1 and atg12-2 proteins should be nonfunctional when derived from these dominant transcripts ( Figure 3B ). Besides the longer Mu element-containing transcript, a shorter wild type-like transcript also accumulated in homozygous atg12-2 plants presumably through excision of the modified intron ( Figure 3C ). Although a normal ATG12 protein could be synthesized from this minor RNA, its abundance as measured by quantitative real time RT-PCR was ;50-fold lower than the wild-type mRNA expressed in the W22 parent ( Figure 3D ). Taken together, we concluded that the atg12-1 allele represents a functionally null mutation, whereas the atg12-2 allele is a strong knockdown mutation.
Loss of ATG12 Blocks ATG8 Lipidation
ATG12 in combination with ATG5 and ATG16 provide the essential ligase activity that attaches ATG8 to PE, with the resulting adduct then decorating the expanding phagophore. To evaluate the impact of the atg12-1 and atg12-2 mutations on autophagy, we assessed the lipidation state of ATG8 in three times backcrossed, selfed homozygous lines using the phospholipase D (PLD) assay developed previously (Chung et al., 2009 (Chung et al., , 2010 . We first collected membranes from N-starved roots by centrifugation of total protein extracts, solubilized the membrane-anchored ATG8-PE adducts with Triton X-100, and then incubated the adducts with or without PLD. As shown in Figure 3E , ATG8-PE conjugates were readily detected immunologically in the membrane fraction from wildtype W22 roots as faster migrating species during SDS-PAGE in the presence of 6 M urea, whose abundance was sensitive to PLD cleavage. These faster migrating species were absent in the atg12-1 and atg12-2 mutants, demonstrating that the lipidation of ATG8 is severely attenuated, if not abolished, by either UniformMu insertion.
Autophagic Vesicles Are Not Generated in the atg12 Mutants
Prior studies showed that ATG8 bearing N-terminal fluorescent tags are effectively lipidated in vivo and provide excellent fluorescent markers for visualizing autophagy (Yoshimoto et al., 2004; Thompson et al., 2005; Klionsky et al., 2012) . For example, autophagic bodies deposited in the vacuole and possible autophagosomes accumulating in the cytoplasm can be readily detected in wild-type Arabidopsis lines expressing GFP-ATG8a and pretreated with the V-ATPase inhibitor concanamycin A (ConA) as bright ;1-mm puncta, which are absent in the strong atg mutant backgrounds (Phillips et al., 2008; Chung et al., 2010) . ConA does not block autophagic transport but aids autophagic body detection by raising the vacuolar pH above the optima for resident hydrolases, which in turn extends the lifetime of these vesicles (Yoshimoto et al., 2004; Klionsky et al., 2012) .
To detect comparable autophagic structures in maize and assess the strength of the atg12 mutants, we introduced transgenes that express YFP fused to ATG8a or an ATG8a variant missing the C-terminal glycine (Gly-117) and thus cannot be lipidated [ATG8a (GA)]. For this study, the transgenes were under the control of the maize Ubq1 promoter and following transformation were introgressed by repeated backcrosses from the transformable HiII parent into both the B73 and W22 inbred backgrounds. From confocal microscopy analysis of the YFP-ATG8a lines grown under well-fed conditions without ConA, fluorescent signal was mostly confined to the cytoplasm, with phagophore-and/or autophagosome-like structures often seen as bright dots (Figures 4A, 4B, and 5C). These puncta were common in the leaf epidermal cells and more abundant in young versus mature root cells and were readily detected in the leaf mesophyll, silk, and peripheral endosperm cells. In all cases, these YFP-labeled puncta were absent in YFP-ATG8a(GA) plants, implying that they are reproductive (R1 and 2) growth stages were defined based on the Maize Field Guide published by Iowa State University Extension (Abendroth et al., 2011) . Dissected primary root: Z1, zone 1 (first centimeter of root tip); Z2, zone 2 (from end of Z1 to the point of root hair/lateral root initiation); Z3, zone 3 (lower half of differentiation zone); Z4, zone 4 (upper half of differentiation zone). DZ, differentiation zone; EZ, elongation zone; MZ, meristematic zone; SAM, shoot apical meristem. See Supplemental Table 2 for full descriptions of the tissues analyzed.
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The Plant Cell autophagic membranes containing the ATG8-PE adduct (for examples, see Figure 4A ). While pollen grains and central endosperm cells strongly expressed the YFP-ATG8a reporter, few or no puncta were evident, suggesting that autophagy is relatively inactive in these tissues ( Figure 4B ). Consistent with an autophagic function, the frequency of the vacuolar YFP-ATG8a puncta increased dramatically in root cells and leaf protoplasts when starved for N or fixed-C and pretreated with ConA ( Figures 4B and 4C) . However, when atg12-1 and atg12-2 plants expressing YFP-ATG8a were examined similarly, we found that the block in ATG8 modification also negated the accumulation of these autophagic vesicles. No bright puncta were evident in root cells even after exposing the plants to N starvation and pretreating the roots with ConA ( Figure 4C ). By all criteria, the YFP-ATG8a-labeled puncta behaved as bona fide autophagosomes and autophagic bodies with the response of the mutants demonstrating that their assembly and delivery to the vacuole requires the ATG12-ATG5 conjugate and its downstream ATG8-PE adduct.
In addition to a diffuse YFP-ATG8a signal, we detected large cytoplasmic foci of YFP-ATG8a in the atg12 mutant cells, which became more obvious upon ConA addition ( Figure 4C ). These amorphous ;10-mm structures could also be seen by immunoelectron microscopy using labeling with anti-GFP antibodies for confirmation, but did not appear to be confined by a membrane ( Figure 4D ). These structures were also enriched in ubiquitin, as detected by immuno-electron microscopy with antiubiquitin antibodies, implying that they also contained ubiquitylated proteins (Supplemental Figure 6A) . One likely possibility is that they represent aggregates of YFP-ATG8a that have coalesced into aggresome-like structures awaiting autophagic turnover (Kuma et al., 2007) but could not be enveloped into autophagosomes without ATG12.
In addition to microscopy, the YFP-ATG8a reporter can also be used to monitor autophagy more quantitatively through its cleavage in planta. In this case, it has been well documented that the GFP/YFP moieties fused to ATG8 and various (C) RT-PCR analysis demonstrating the accumulation of longer, Mu element-containing transcripts in homozygous atg12-1 and atg12-2 seedlings. Wild-type W22 was included as a control. Positions of the primers used are shown in (A). OE, overexposure of the ethidium bromidestained gel for the PCR products revealed that a wild type-like transcript (asterisk) accumulates in atg12-2 plants. RT-PCR of the UBC9 locus was used to verify the analysis of equal amounts of RNA. Two independent experiments gave similar results. (D) Quantitative real-time RT-PCR analysis of wild type-like atg12 transcripts in homozygous atg12-2 plants. The locations of primers 5 and 6 used for the PCR are shown in (A). Each bar represents mean (6SD) of three biological replicates. (E) ATG8 lipidation is blocked in the atg12 mutants. Seedlings were grown hydroponically on high-N liquid medium for 10 d and then exposed to low-N medium for 2 d before sampling. Total protein extracts (TE) prepared from root tissues were separated into soluble (S) and membrane fractions (Mem) by centrifugation, and the membrane fractions were solubilized with Triton X-100 and incubated with or without PLD for 1 h. Samples were subjected to SDS-PAGE in the presence of 6 M urea and immunoblotted with antibodies against Arabidopsis ATG8a. Solid and dashed lines locate ATG8-PE and free ATG8, respectively. Genetic Analysis of Maize Autophagy 7 of 20 autophagic substrates often become detached after autophagic transport and accumulate as free forms inside the vacuole because of their resistance to further digestion (Chung et al., 2010; Klionsky et al., 2012; Li et al., 2014; Marshall et al., 2015) . The ratio of free GFP/YFP versus the tagged protein can then be used as a measure of autophagic flux. As shown in Figure 5A , leaves from W22 plants expressing YFP-ATG8a accumulated free YFP, with its level rising dramatically as autophagy was induced by fixed-C starvation. However, this appearance of free YFP was completely abolished in the atg12-1 and atg12-2 mutants, consistent with a block in autophagic transport of the reporter into the vacuole. That this block in the atg12-2 plants was indistinguishable from that of the atg12-1 plants also implied that the atg12-2 allele approaches the strength of a null mutant despite accumulating the wild type-like Atg12 transcript.
Subsequent assays based on this free-YFP/fused YFP ratio showed that autophagy is significantly impacted in maize by developmental stage and nutrient availability. For example, the ratio rose as leaves from soil-grown 2-week-old maize seedlings matured (L1 versus L3) and in leaves following exposure to fixed-C and N stress ( Figure 5B ). Free YFP appearance in leaves during N starvation was coincident with the appearance of YFPATG8a-decorated cytoplasmic and vacuolar puncta even without ConA as detected by confocal fluorescence microcopy ( Figure 5C ).
Physiology of ATG12-Deficient Plants
Previous studies with Arabidopsis revealed that autophagydefective plants develop normally and are fertile but senesce (A) and (B) Confocal fluorescence microscopy of maize B73 tissues expressing YFP-ATG8a or the YFP-ATG8a(GA) mutant. In (A), seedlings were grown hydroponically for 12 d in high-N liquid medium for imaging root cells or on soil for 14 d for imaging leaf epidermal cells. Possible autophagosomes observed in YFP-Atg8a plants are located by the arrowheads. In (B), images of mesophyll cells were captured from leaves of 2-week-old soil-grown seedlings. Chlorophyll fluorescence is shown in magenta. Silk, peripheral, and central endosperm tissues were collected 18 DAP from greenhouse-grown plants. For pollen tubes, fresh pollen grains were dusted on solid pollen germination medium and allowed to germinate for 4 h at room temperature before microscopy. For maize leaf protoplasts, the protoplasts from 2-week-old, soil-grown seedlings expressing YFP-ATG8a were incubated in Suc-free medium supplemented with 1 mM ConA for 16 h before microscopy. C, chloroplast; V, vacuole. Bars = 10 mm. (C) Maize atg12 mutants fail to accumulate autophagic bodies. Wild-type W22, atg12-1, and atg12-2 seedlings expressing YFP-ATG8a were grown hydroponically in high-N liquid medium for 10 d, transferred to low-N liquid medium for 32 h, and then treated for 16 h with 1 mM ConA or an equal volume of DMSO. Root cells were imaged by confocal fluorescence microscopy. The large amorphous cytoplasmic structures containing YFP-ATG8a that accumulate in atg12 plants are indicated by arrowheads. Bar = 10 mm. (D) Electron microscopy image of an atg12-1 root cell pretreated with ConA showing a YFP-ATG8a aggregate. Root tips were fixed, sliced into thin sections, and immunogold-labeled with anti-GFP antibodies (arrowheads). CW, cell wall; P, plastid. See Supplemental Figure 6A for additional images. Bar = 1 mm.
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The Plant Cell early and are generally hypersensitive to nutrient limitations (Hanaoka et al., 2002; Doelling et al., 2002; Yoshimoto et al., 2004; Thompson et al., 2005; Xiong et al., 2005; Phillips et al., 2008; Chung et al., 2010; Suttangkakul et al., 2011; Guiboileau et al., 2012 Guiboileau et al., , 2013 Masclaux-Daubresse et al., 2014) , while more recent studies with rice have connected autophagy to fixed-C recycling and male gametogenesis (Kurusu et al., 2014) . To reveal how autophagy impacts maize, we studied the growth and development of atg12-1 and atg12-2 plants in the W22 background under both nutrient rich and poor conditions. When grown on soil supplemented with N-rich fertilizer (16 mM NO 3 -), both mutants appeared relatively normal phenotypically and exhibited a similar growth rate as compared with wild-type W22 ( Figures 6A, 6C, and 6D) . No significant differences compared with the wild type were seen in terms of total dry matter production (see Figure 8B ). The mutants produced healthy pollen grains, as judged by pollination trials, morphology, and vital staining with Alexander stain (Alexander, 1969; Supplemental Figure 7A) , and were fertile when grown in a greenhouse as judged by seed number per plant (Table 1) . However, a significant decrease in the seed yield (grams of seeds per plant) was observed under N-rich conditions, which when compared with the wild type was 28 and 25% lower for atg12-1 and atg12-2 plants, respectively (Table 1) . This drop was not paralleled by lower seed N concentration or lower seed number per plant (Table 1) .
A novel autophagic transport route has been tentatively connected to the vacuolar transport of storage proteins in maize aleurone cells (Reyes et al., 2011) . Electron microscopy analysis of developing atg12-1 seeds revealed no ultrastructural defects in the aleurone or starchy endosperm and showed a normal appearance and number of protein storage vesicles and protein bodies (Supplemental Figure 6B) , further supporting the conclusion that the autophagy-like transport of seed storage proteins into maize aleurone storage compartments does not involve the ATG8/ATG12 conjugation system. Collectively, the results indicated that ATG12, and by inference the entire ATG system, is not essential to the growth and development of maize under Nrich conditions, but does compromise seed yield, as first seen in Arabidopsis (Doelling et al., 2002) . Strikingly, when fed low N fertilizer (0.1 mM NO 3 -) starting from planting, the growth and development of homozygous atg12 plants were severely challenged as compared with W22 plants. Dramatic reductions in root and shoot growth and enhanced leaf senescence were clearly evident, indicative of severe N stress ( Figure 6B ). For example, both wild-type and atg12 plants exposed to N-rich conditions had similar growth rates and simultaneously reached the V7 growth stage at 40 DAS. However, under N deprivation, wild-type plants reach the V5 stage within the same time period, whereas the atg12-1 and atg12-2 plants (A) atg12 mutants block the release of free YFP from YFP-ATG8a. Wildtype W22, atg12-1, and atg12-2 seedlings expressing YFP-ATG8a were grown on soil for 2 weeks and the second leaf blade (L2) was either kept in the light (+) or subjected to fixed-carbon (C) starvation by covering a section with aluminum foil for 2 d (2). Total protein extracted from a mix of three to six leaves was subjected to SDS-PAGE followed by immunoblot analysis with anti-GFP antibodies. YFP-ATG8a and free YFP are indicated by closed and open arrowheads, respectively. Immunodetection of histone H3 was used to confirm near equal protein loading. Two independent experiments gave similar results. only reached the V3 stage ( Figures 6B and 6C ). The mutant leaves elongated much more slowly, with the length of the 5th leaf expanding to only a third of that produced by the 5th leaf from wildtype plants at 11 d after leaf initiation ( Figure 6D ). We also attempted to study the response of the atg12 plants to phosphate and sulfur stress. However, soil-grown atg12-1 and atg12-2 plants supplemented with phosphate-or sulfur-deficient fertilizer grew similarly to wild-type plants (Supplemental Figure 7B) , leaving a role for autophagy in recycling these nutrients unresolved, as small but sufficient amounts could have originated from the soil. This hypersensitivity to N deprivation was also apparent when the atg12-1 and atg12-2 plants were well fertilized for the first 5 weeks after germination and then fed N-poor fertilizer thereafter. Soon after anthesis, the older leaves rapidly senesced and ear development stalled markedly in both mutants ( Figure 6E ). To examine the phenotypes of field-grown atg12 plants, we cultivated them at the West Madison Agricultural Research Station (Verona, WI) where the soil was pretreated with 200 kg per acre of urea (46-0-0) before sowing. Under such relatively high N conditions, the mutants exhibited similar growth rates to that of wild-type W22, flowered slightly later, and were only marginally smaller at maturity. However, during flowering and seed fill, the lower leaves from the atg12 mutants senesced prematurely (Supplemental Figure 8) , similar to well-described autophagy mutants in Arabidopsis, including atg9-1 (Hanaoka et al., 2002) , atg7-1 (Doelling et al., 2002) , atg4a/b (Yoshimoto et al., 2004) , atg5-1 ( Thompson et al., 2005) , and atg10-1 (Phillips et al., 2008) . Together, these data demonstrate that the ATG8/ATG12 autophagic system provides much needed recycled N during maize development and seed fill that strongly augments yield under both N-limiting and field conditions.
Lack of Autophagy Affects Leaf Protein Profiles
To assess how a block in autophagic recycling might impact maize leaf protein content, we examined the protein profiles of young wild-type W22 and atg12 leaves exposed to high-and low-N conditions. Here, the seedlings were grown for only 2 weeks, long before the lack of N noticeably slowed development. Even after this short time, we observed the effects of N deprivation. Whereas the L1 and L3 leaves from the wild type and the atg12-1 and atg12-2 lines grown on high-N medium retained their overall protein profile as judged by SDS-PAGE of total seedling extracts, identical leaves from N-starved plants had much less protein, with the L1 leaves containing considerably less ( Figure 7A ), indicating that both N availability and age have dramatic consequences on maize leaf protein content. The effects of autophagy could then be seen when specific cytosolic and organellar proteins were examined individually. For example, the ATG system has been implicated in the removal of ubiquitylated protein aggregates through receptors such as NBR1 (Svenning et al., 2011; Zhou et al., 2013) . Consistent with this route, we found that older L1 leaves from atg12-1 and atg12-2 seedlings grown under N-limiting conditions accumulated more ubiquitin conjugates than those from wild-type seedlings, suggesting that autophagy represents a major route for clearing these aggregates and other targets of the ubiquitin/ proteasome system as maize leaves age under N stress ( Figure  7B ). This effect is not restricted to N starvation, as young L3 leaves from N-fed atg12-1 and atg12-2 plants also accumulated slightly more ubiquitin conjugates ( Figure 7B) .
Interestingly, examination of markers for mitochondria, chloroplasts, peroxisomes, and the ribosome and proteasome complexes in the cytoplasm revealed a complex pattern of autophagic elimination. In all cases, the levels of each protein were higher in younger leaves and were dramatically reduced by N stress, consistent with the negative impacts of both age and nutrient availability ( Figure 7C ). Levels of the chloroplast marker Rubisco large subunit and the inner and other envelope proteins TIC110 and TOC33 in atg12-1 and atg12-2 leaves, respectively, were indistinguishable to W22 for both N-fed and N-starved plants, suggesting that ATG8-mediated autophagy has little impact on the clearance of chloroplast constituents either before or after N stress ( Figure 7C) . Conversely, the mitochondrial markers, voltagedependent anion channel (VDAC; outer membrane) and cytochrome c oxidase subunit II (inner membrane), and the peroxisomal marker PEX14 were present at higher levels in the atg12 backgrounds compared with wild type, suggesting that autophagy helps in the turnover of these organelles ( Figure 7C ). Likewise, levels of the proteasome subunits RPN3 and RPT4 as well as ribosome subunit RPL23a were elevated by the atg mutants, thus connecting their degradation to the ATG system ( Figure  7C ). This effect was especially evident for RPL23a in N-fed L1 leaves, suggesting that autophagy is strongly responsible for reducing ribosome levels as maize leaves age and their translational needs diminish.
Nitrogen Remobilization to the Seeds Is Impaired in atg12 Plants
To further study the impact of autophagy on N recycling, we employed pulse-chase with 15 Figure 8A ). Half of the plants were harvested 7 d after labeling to monitor 15 N uptake. The other half was harvested 40 d after pollination (DAP). Both sets of samples were dissected into various organs, dried, weighed, and analyzed for 15 N and the 14 N/ 15 N ratio by isotopic ratio mass spectrometry. Several features related to yield and N utilization were calculated, including dry weight (DW) of seeds, stalks, and leaves, total N content, and 15 N abundance, which were then used to assess N use efficiency (NUE) and N remobilization efficiency (NRE). When the 15 N tracer was applied in this way, only the roots, leaves, and stalks were labeled initially, whereas the seeds could acquire 15 N only if it moved from N stores assimilated by these other organs. When wild-type, atg12-1, and atg12-2 plants were analyzed only 7 d after 15 NO 3 2 labeling, no significant differences were seen in the total DW and 15 N content in each vegetative tissue (Supplemental Figure 9) , consistent with the normal growth of atg12 plants under well-fed conditions (Figure 6 ). For all genotypes, the stalk was the major N sink, as it accounted for ;59% of the assimilated 15 N, with the remaining 15 N partitioned to the upper leaves (17 to 18%), lower leaves (8%), and roots (15%). When the plants were analyzed at 40 DAP, the role of autophagy in DW accumulation and N movement became obvious. A marked decrease in seed DW was measured in both atg12 mutants as described above (Table 1) , which is similar to Arabidopsis mutants lacking core components of the ATG system (Doelling et al., 2002; Guiboileau et al., 2012) . This was coupled with a slight decrease in the DW of the roots and a significant decrease in the DW of the shoots ( Figures 8B and 8C) . The harvest index (HI = seed DW/ whole plant DW), which is an important gauge of productivity, was also lower in the atg12 mutants compared with wild-type W22 plants ( Figure 8D) .
To determine NUE, we first used DW and N content data to calculate the N harvest index (NHI = seed N/whole plant N), which is a key indicator of N allocation efficiency into seeds (Masclaux-Daubresse and Chardon, 2011; Guiboileau et al., 2012) . As shown in Figure 8E , the NHI observed in both atg12 mutants was significantly lower than that in the wild type. We then used the NHI/HI ratio as a measure of NUE performances between the atg12 and wild-type plants, as NHI and HI may vary depending on genetic background (Chardon et al., 2012) . Neither of the atg12 mutants showed significant differences for NHI/ HI compared with the wild type, indicating that autophagy might not be essential for seed NUE under N-rich conditions, although its absence reduces seed yield and NHI.
Using the abundance of 15 N and the 14 N/ 15 N ratio as determined by isotopic ratio mass spectrometry, we then tracked the partitioning of N within the wild-type and atg12 plants when combined with the DW data ( Figures 8G to 8K ). Stalks still contained most of the total N even after seed fill, based on the fact that wild-type and atg12 stalks had the highest 15 N values, with 70% of measured 15 N in wild-type and ;76% in atg12 stalks, respectively. Conversely, lower leaves were minor sinks for 15 N; they only stored ;4% of measured 15 N and there was no significant difference between the wild type and the atg12 mutants. The partitioning of 15 N into upper leaves was generally ;2-to 3-fold higher than that in lower leaves, representing 9.4 and 11% in the wild type and atg12 mutants, respectively. Many of the upper leaves were apparent but not yet fully elongated during the labeling period at 40 DAG. We presume that these immature upper leaves acquired most of their 15 N during this period and not from remobilized lower leaf stores during subsequent development 
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The Plant Cell until 40 DAP. Interestingly, the partitioning of 15 N into all three of these vegetative tissues was generally higher in atg12-1 and atg12-2 plants than in wild-type W22 plants, with the difference being significant in stalks and upper leaves ( Figures 8G to 8I ), suggesting that a block in autophagy restricts stored N mobilization. In contrast, the partitioning of 15 N into seeds ( 15 NHI) and the ratio of 15 NHI to HI, which was used to calculate NRE, were substantially lower in both atg12 mutants than in the wild type ( Figures 8J and 8K ). Taken together, our 15 N partitioning studies showed that inactivation of ATG8-mediated autophagy through loss of ATG12 significantly reduces NRE during seed fill, which in turn detrimentally impacts seed yield by weight.
DISCUSSION
Given the importance of autophagy to nutrient recycling, cellular housekeeping, survival in adverse environments, and defense against pathogens in plants ( Li and Vierstra, 2012; 
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Bassham, 2012), its core machinery and modes of regulation have drawn increasing research attention. Whereas most of our current understanding comes from Arabidopsis, recent studies have also begun to focus on crop species to understand its consequences to nutrient management and agronomic yield. This study and that by Chung et al. (2009) with maize along with parallel work in rice (Xia et al., 2011; Kurusu et al., 2014) , wheat (Kuzuoglu-Ozturk et al., 2012) , and tomato (Solanum lycopersicum; Zhou et al., 2014) revealed that a mechanistically similar autophagic system exists in crops and that most genes within the pathway are tightly regulated transcriptionally during development, are activated by nutrient limitation and other stresses, and are upregulated during leaf senescence. Unfortunately, the male-sterile phenotype of the first rice atg mutant described that eliminated ATG7 (Kurusu et al., 2014) limited an appreciation of autophagy with respect to N economy and yield.
In this study, we expanded our molecular description of the maize ATG system and identified 31 new core autophagy genes and two Nbr1 cargo receptor-encoding genes that can be added to the 12 previously described genes encoding components of the ATG8/ATG12 conjugation pathways (Chung et al., 2009) . We also discovered a likely ortholog of yeast Atg16, thus completing the list of factors necessary for ATG8 lipidation based on the yeast paradigm. In-depth transcriptome analysis of all 42 expressed loci demonstrated that most of the maize ATG system components are upregulated in senescing leaves, maturing endosperms, and differentiating root cells, implying a central role for autophagy in the development, housekeeping, nutrient management, and/or possible programmed cell death of these tissues.
Importantly, we also provided a phenotypic description of a maize mutant deficient in the ATG8/ATG12-mediated pathway with the study of two functionally null mutant alleles affecting the single gene encoding ATG12. These mutants abrogated synthesis of the ATG8-PE adduct and blocked the assembly of ATG8-decorated autophagosomes and their subsequent deposition into the vacuole as autophagic bodies. Phenotypic analyses of both atg12 alleles showed that loss of this autophagic pathway is not detrimental to maize grown under N-rich conditions, and unlike the similarly compromised rice atg7 mutant (Kurusu et al., 2014) , the plants generated viable pollen and were fully fertile. However, like comparable mutants in Arabidopsis (Doelling et al., 2002; Hanaoka et al., 2002; Yoshimoto et al., 2004; Thompson et al., 2005; Xiong et al., 2005; Phillips et al., 2008; Chung et al., 2010; Suttangkakul et al., 2011; Guiboileau et al., 2012; MasclauxDaubresse et al., 2014) , homozygous maize atg12 plants are strongly hypersensitive to N stress and display accelerated leaf senescence even under nutrient-rich field conditions. The atg12 plants also had lower total seed weights but had a normal number of seeds when well fertilized with N. N remobilization studies using 15 N implied that this reduced seed yield was at least partially caused by a compromised ability to remobilize N assimilated by vegetative tissue to the developing seed, presumably because of impaired N recycling by autophagy.
One striking feature of maize Atg genes is their highly coordinated expression, which is often controlled by developmental state and growth conditions. Previous studies with Arabidopsis demonstrated that the transcript abundance of numerous ATG genes increased in senescing tissues and under nutrient-limiting growth conditions (Contento et al., 2004; Sláviková et al., 2005; Thompson et al., 2005; Phillips et al., 2008) . As with the ATG8/12 conjugation cascade (Chung et al., 2009) , our in-depth RNA-seq analysis of the maize genes that synthesize (1) the ATG1 kinase complex that regulates autophagy in response to nutritional cues, (2) the ATG2/9/18 complex that delivers membranes to the expanding phagophores, (3) the PI3 kinase complex that decorates autophagic membranes with PI3 phosphate, and (4) the NBR1 receptor for ubiquitylated cargo often showed similar transcription patterns, implying that an autophagy regulon exists that coordinates the expression patterns of the system.
In addition to increased mRNA abundance in senescing leaves and maturing endosperms, we also detected upregulation during the maturation of primary roots. Intriguingly, root maturation in Arabidopsis was also coincident with elevated expression of several ATG8 genes and increased autophagosome accumulation (Sláviková et al., 2005; Yano et al., 2007) . Because the maturation zone is where xylem and aerenchyma, used for water transport and gas exchange, respectively, differentiate, one possibility is that autophagy contributes to the programmed cell death pathways that ultimately eliminate the cytoplasm from their progenitor cells. It is also notable that within the maize Atg gene families, there is often at least one locus that shows strong developmental upregulation, whereas others appear to have more constitutive expression patterns, implying that subfunctionalization within the families exists (e.g., the Atg1, Atg13, and Atg18 families; Figure 2) .
The transcription factor networks that activate ATG gene expression in plants are not yet known. In mammalian cells, recent studies have revealed a complex autophagy network encompassing tens of transcription factors, along with epigenetic events involving microRNAs and histone modifications (Füllgrabe et al., 2014) , with the conserved FORKHEAD BOX-O3 transcription factor being a central player (Webb and Brunet, 2014) . Clearly, a systems analysis of autophagy gene expression in plants is now needed to fully appreciate the contributions of such a regulon to their biology.
In agreement with previous studies with yeast, mammalian cells, and Arabidopsis, we confirmed that YFP-ATG8 fusions are excellent markers for monitoring autophagic activity in maize, with demonstrations that the frequencies of YFP-ATG8a decorated vesicles increase dramatically upon nutrient starvation and/or ConA treatment. Whereas the detection of cytosolic phagophores/autophagosomes has been challenging in Arabidopsis expressing comparable fluorescent ATG8 fusions (e.g., GFP-ATG8 fusions; Thompson et al., 2005; Phillips et al., 2008) , cytoplasmic puncta that likely represent these structures could be easily detected in maize. The formation of these structures requires ATG8 lipidation based on their absence in atg12 plants expressing YFP-ATG8a and in wild-type plants expressing the YFP-ATG8a(G-A) mutant that a priori cannot be modified. The maize YFP-ATG8a puncta detected here look remarkably similar in size and number to GFP-ATG5 labeled structures concluded by Le Bars et al. (2014) to represent phagophores and their resulting autophagosomes emerging from endoplasmic reticulum nucleation sites in Arabidopsis.
In addition, we readily detected autophagic bodies inside the vacuole from YFP-ATG8a-expressing lines, whose appearance requires ATG12. This delivery was also supported by the release 14 of 20
The Plant Cell of free YFP from the fusion, which accumulates via an ATG8/ ATG12-dependent route as a somewhat stable form in the vacuole (Meiling-Wesse et al., 2002; Chung et al., 2010) . Both the appearance of YFP-ATG8a decorated puncta inside the vacuole and the release of free YFP were increased by N and fixed-C starvation and in leaves as they aged, thus providing a facile measure of autophagic flux in maize. Unexpectedly, we also detected large fluorescent foci in the cytoplasm of atg12 roots expressing the YFP-ATG8a reporter. These foci were more abundant in N-starved plants and appeared brighter upon prior treatment of the roots with ConA. Using electron microscopy, they appeared as amorphous aggregates without a delineating membrane and tested positive for both YFP-ATG8a and ubiquitin. In mice, it has been reported that the ATG8 ortholog LC3 will concentrate into cytoplasmic protein aggregates or ubiquitin-positive inclusion bodies when transiently overexpressed in autophagy-deficient cells (Kuma et al., 2007) . Our finding of comparable YFP-ATG8a-containing aggregates in maize suggests that this reporter could be aggregation prone, which then coalesces in ubiquitin-containing, aggresome-like structures awaiting turnover. Aggresome substrates are often ubiquitylated, which then promotes their recognition by AIMcontaining ubiquitin receptors such as NBR1 for eventual deposition into and clearance by autophagic vesicles (Rogov et al., 2014) . Consequently, examining these maize structures in nbr1 mutant backgrounds could be informative. Notwithstanding, it should be emphasized that we did not detect similarly large fluorescent foci in wild-type maize expressing YFP-ATG8a. Therefore, while YFP/GFP-ATG8 fusions remain useful markers for autophagy, their cytoplasmic fluorescence patterns should be carefully interpreted in autophagy-defective plants.
Plants employ multiple strategies to cope with environmental stress, such as nutrient starvation, and to maintain fecundity. One general approach involves the rapid degradation of N and C-rich source tissues and remobilization of these stores to support the growth of new vegetative tissues and reproductive organs and seeds (Chardon et al., 2012; Xu et al., 2012) . Previous studies with Arabidopsis revealed that autophagy plays a central role in nutrient recycling under limiting conditions and during leaf senescence, with many organelles and protein complexes becoming targets, including chloroplasts, peroxisomes, mitochondria, ribosomes, and even proteasomes (Ishida et al., 2008; Wada et al., 2009; Hillwig et al., 2011; Farmer et al., 2013; Guiboileau et al., 2013; Kim et al., 2013; Shibata et al., 2013; Li et al., 2014; Marshall et al., 2015) . Our preliminary studies with the maize atg12 lines starved for N indicated that the removal of ubiquitylated proteins, possibly via aggresomes, requires in part ATG8-mediated autophagy, as does the loss of ribosomes, mitochondria, and proteasomes. In contrast, the abundance of chloroplast proteins appeared to be unaffected in the maize atg12 backgrounds with or without N. Given that multiple routes might be evoked to eliminate chloroplasts and their contents, including chloroplast-resident proteases, SAVs, and chloroplast vesiculation in addition to autophagy via Rubisco-containing bodies (Otegui et al., 2005; Ishida et al., 2008; Wada et al., 2009; Roberts et al., 2012; Michaeli et al., 2014; Wang and Blumwald, 2014) , one scenario is that these other pathways assume responsibility in the absence of the ATG8-mediated autophagic route. Another is the possibility that ATG8/ATG12-independent autophagic routes become relevant (Nishida et al., 2009; Reyes et al., 2011) . Alternatively, given the fact that autophagic turnover of chloroplast constituents by RBC is stimulated by fixed-C and not by N stress (Izumi et al., 2010; Izumi and Ishida, 2011) , measuring chloroplast turnover in limiting fixed-C might be required to detect the effects of the atg12 mutations.
Seed yield is strongly influenced by N availability, which is for the most part acquired from existing organic stores via remobilization and not from inorganic soil sources (Chardon et al., 2012; Xu et al., 2012) . Here, we confirmed a crucial role for autophagy in this process that was first observed with Arabidopsis (Doelling et al., 2002; Guiboileau et al., 2012; Masclaux-Daubresse et al., 2014) by showing that maize plants defective in ATG8-mediated autophagy have lower yield even under well fertilized conditions and are attenuated in their remobilization of stored N from vegetative tissues to developing seeds. Consequently, the manipulation of autophagy in efforts to improve N and fixed-C recycling might be a beneficial strategy to enhance the yield of seedbearing food and biofuel crops, especially under suboptimal growth conditions or in situations where soil fertilization is cost prohibitive or ecologically unsound.
METHODS An Expanded Catalog of Maize Atg Genes
Maize (Zea mays) autophagy genes/proteins were identified by reciprocal TBLASTN searches (e-value threshold of <10 24 ) of the MaizeGDB genome sequence database (http://www.maizegdb.org/) using the Arabidopsis thaliana (Columbia-0 ecotype) orthologs as queries. Maize Atg genes previously described by Chung et al. (2009) as involved in the ATG8/ATG12 conjugation pathway were included to confirm previous findings. For further support of the various protein classes, we used the functional annotations provided by MaizeGDB and the domain architectures predicted by Pfam (http://pfam.sanger.ac.uk) and SMART (http:// smart.embl-heidelberg.de/) to identify additional signatures. The current list of maize autophagy proteins is summarized in Supplemental Table 1 .
Expression Patterns and Splicing Analyses
Expression patterns for maize Atg genes were extracted from the RNAseq transcriptome profiles generated by Sekhon et al. (2013) and S. Stelpflug and H.F. Kaeppler (unpublished data) with the B73 inbred background. To quantify expression, reads per kilobase per one million reads were used to normalize transcript levels from each data set. Transcript levels for each Atg gene at the specific tissue or developmental stages were normalized to the average transcript level from all samples. Expression heat maps were generated using R 3.1.1 statistics software (Comprehensive R Archive Network; http://www.R-project.org). RNA splicing events were identified by mapping the RNA-seq-derived transcripts to the maize B73 V2 pseudomolecules (AGPv2; http://ftp. maizesequence.org) using Bowtie version 0.12.7 and TopHat version 1.4.1 as previously described (Salvo et al., 2014) For RT-PCR analyses, total RNA was extracted from 100 mg of maize tissues using the RNeasy Plant Mini Kit (Qiagen). One microgram of RNA was subsequently used to synthesize the RNA/DNA hybrid with SuperScript III reverse transcriptase (Invitrogen) according to the manufacturer's protocol. RT-PCR analyses were performed using EconoTaq Plus Green 2X Master Mix (Lucigen) and the indicated primer pairs, with the analysis of Ubc9 used as an internal control. All critical primers employed in the study Genetic Analysis of Maize Autophagyare listed in Supplemental Table 3 . Quantitative real-time RT-PCR analyses were performed as previously described (Li et al., 2014) , using the levels of maize Ubc9 transcript for normalization. The relative abundance of each mRNA was determined by the comparative cycle threshold method (Chung et al., 2009 ).
Plant Materials and Growth Conditions
The maize atg12-1 (UFMu-02975) and atg12-2 (UFMu-02196) mutants were derived from the UniformMu transposon population constructed in the W22 inbred background (McCarty et al., 2005) and were obtained from the Maize Genetics Cooperation Stock Center. The positions of the UniformMu insertions were verified by genomic PCR using a genespecific primer and the UniformMu border-specific primer TIR6. The PCR products were sequenced to locate the exact insertion sites. Each mutant was backcrossed three times to the W22 inbred and then self-pollinated to obtain homozygous lines before the various phenotypic analyses.
For the genetic manipulations and various nutrient starvation studies, plants were grown in a greenhouse under a 16-h-light/8-h-dark photoperiod provided by natural lighting supplemented with halogen lamps. For N-limitation studies, the W22 and atg12 mutant plants were germinated and grown in pots (15 liter) containing Metro-Mix 360 (Sun Gro Horticulture). The pots were irrigated with 500 mL high-N or low-N solutions twice a week, starting either at 1 DAS or the V7 leaf stage, as indicated. A modified Hoagland solution was used for high-N treatments (16 mM N) and contained 5 mM KNO 3 , 1 mM KH 2 PO 4 , 2 mM MgSO 4 , 5 mM Ca(NO 3 ) 2 , 0.05 mM Fe-EDTA, and 13 micronutrients (Caisson Laboratories). The low-N solution (0.1 mM N) contained 0.1 mM KNO 3 , 1 mM KH 2 PO 4 , 2 mM MgSO 4 , 0.05 mM Fe-EDTA, 13 micronutrients, 4.9 mM KCl, and 5 mM CaCl 2 . Plants were watered with distilled water between the fertilizations depending on water status in the pot. To assess the atg12 mutant phenotype for field-grown maize, the plants were grown at the West Madison Agricultural Research Station during summer 2014 under wellfertilized soil conditions as previously described (Sekhon et al., 2011) .
Construction of Transgenic Maize Expressing YFP-ATG8a
The plasmid pMCG1005-YFP-Atg8a expressing YFP fused to the N terminus of wild-type maize ATG8a and expressed under the control of the Ubq1 promoter was as described previously (Reyes et al., 2011) . The Gly117-Ala mutation was introduced into the Atg8a cDNA (Chung et al., 2009) by PCR amplification using the primers ZmAtg8a_F1 and ZmAtg8a_R2; the resulting Atg8a(GA) cDNA was cloned into pENTR/D-TOPO (Invitrogen) and then recombined by an LR Clonase (Invitrogen) reaction into the pMCG1005-YFP-Gateway vector to generate pMCG1005-YFP-Atg8a (GA). Maize transformation using microprojectile biolistic DNA delivery was performed as described previously (McGinnis et al., 2005) . To minimize the number of insertion events, immature embryos derived from self-pollinated, greenhouse-grown HiIIA 3 HiIIB plants were transformed with a low concentration of plasmid DNA (0.4 mg plasmid DNA/1 mg microcarriers). YFP-Atg8a and YFP-Atg8a(GA) F1 plants expressing strong YFP signals were backcrossed at least four times into the B73 and W22 inbred backgrounds. The YFP-ATG8a reporters were then introgressed into the atg12 mutants by crossing followed by a self-cross to obtain stable homozygous lines.
Confocal Laser Scanning Microscopy and Image Analysis
Transgenic lines expressing YFP-ATG8a or YFP-ATG8a(GA) were imaged with a Zeiss 510-Meta laser scanning confocal microscope, using 488-nm light combined with the band-pass 500-550 IR filter. Captured cell images were processed using the LSM510 image browser (Zeiss) and converted to TIFF format. For leaf cells, leaf sections harvested from 2-week-old soilgrown plants were used. To image cells of silk, and the peripheral and central endosperm tissues (18 DAP), they were dissected from plants grown in a greenhouse to maturity. To image pollen tubes, pollen grains were germinated for 4 h at room temperature on solid pollen germination medium [18% Suc, 0.01% boric acid, 1 mM CaCl 2 , 1 mM Ca(NO 3 ) 2 , 1 mM MgSO 4 , and 0.5% phytoagar (Sigma-Aldrich)]. To detect YFP-ATG8a signals in the atg12 mutants, the plants were grown hydroponically under a 16-h-light/8-h-dark photoperiod in 13 Murashige and Skoog (MS) + N liquid medium for 10 d, transferred to MS-N liquid medium for 32 h, and then treated with 1 mM ConA or an equivalent volume of DMSO for an additional 16 h (Chung et al., 2009 ). Lateral roots were imaged for YFP by confocal fluorescence microscopy. To detect fixed-C starvation-induced autophagy, protoplasts were isolated from leaves of 2-week-old, soilgrown seedlings as described (Lee et al., 2002) . Protoplasts were resuspended in Suc-free medium (1.5 mM MES-KOH, pH 5.6, 150 mM NaCl, 125 mM CaCl 2 , 5 mM KCl, and 5 mM mannitol) supplemented with 1 mM ConA for 24 h before observation.
Electron Microscopy
Root tips from 12-d-old atg12-1 mutant seedlings expressing YFP-ATG8a and wild-type W22 and atg12-1 endosperm at 20 DAP were high-pressure frozen in 0.1 M Suc using a Baltec HPM 010 unit (Technotrade). Endosperm samples were substituted in 2% OsO 4 in anhydrous acetone at -80°C for 72 h and embedded in Epon resin (Ted Pella) for structural analysis. Root tips were substituted in 0.2% uranyl acetate (Electron Microscopy Sciences) and 0.2% glutaraldehyde in acetone at 280°C for 72 h and embedded in Lowicryl HM20 (Electron Microscopy Sciences) for immunolocalization. Root sections were mounted on Formvar-coated nickel grids and blocked for 20 min with a 10% (w/v) solution of nonfat milk in TBS (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, and 0.1% Tween 20). The sections were incubated with the primary anti-GFP (Torrey Pines; 1:10) or antiubiquitin antibodies (van Nocker et al., 1996; 1:25) for 1 h, rinsed in TBS containing 0.5% Tween 20, and then transferred to the secondary antibody (anti-rabbit IgG 1:10) conjugated to 15-nm gold particles for 1 h. Controls omitted the primary antibodies.
Immunoblot Analyses
In most cases, the immunoblot analyses were performed according to Chung et al. (2009) . For analysis of the ATG8-PE adduct, roots from 2-week-old hydroponically grown plants were homogenized in TNPI buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1 mM phenylmethanesulfonyl fluoride, and 10 mM iodoacetamide). After filtering through four layers of cheesecloth and centrifugation at 2000g for 5 min, the clarified crude extract was centrifuged at 100,000g for 1 h to collect the membrane fraction. The membranes were solubilized in TNPI buffer containing 0.5% (v/v) Triton X-100 and incubated with or without phospholipase D (Enzo Life Sciences) followed by SDS-PAGE in the presence of 6 M urea (Chung et al., 2009 ). YFP-ATG8a and free YFP were assayed in total protein extracts prepared by homogenizing tissues with 2 mL/g fresh weight of SDS-PAGE sample buffer. The extracts were clarified by centrifugation at 16,000g, and the proteins in the supernatants were solubilized by heating for 5 min before electrophoresis. Antibodies against Arabidopsis ATG8a (Phillips et al., 2008 ), ubiquitin (van Nocker et al., 1996 , RPN3 and RPT4 (Marshall et al., 2015) , TIC110 (Lübeck et al., 1996) , VDAC (Subbaiah et al., 2006) , and Rubisco large subunit (Phillips et al., 2008) were as described previously. Antibodies against histone H3 (ab1791), GFP (ab290), and RPL23a (ab157110) were obtained from Abcam. Antibodies against CoxII (AS04 053A), PEX14 (AS08 372), and TOC33 (AS07 236) were obtained from Agrisera.
To measure autophagic flux via YFP-ATG8a cleavage, seeds of W22 and atg12 mutants expressing YFP-ATG8a were germinated and grown on Metro-Mix 360 for 2 week at 25°C with a 16-h-light/8-h-dark photoperiod. YFP-ATG8a and free YFP were detected by immunoblot analyses 16 of 20
The Plant Cell with anti-GFP antibodies following SDS-PAGE of total protein extracts. To detect fixed-C-induced flux, the second leaf blades from 14-DAG seedlings were wrapped with aluminum foil for 2 d. To detect N starvationinduced flux, YFP-seedlings were grown hydroponically with 13 MS liquid medium for 10 d and then transferred to MS-N medium for 2 d. Collected samples (labeled and unlabeled) were dried, weighed, and pulverized into a fine powder. A DW subsample of each powder (4 to 20 mg) was assayed for total N content and 15 N abundance using a PDZ Europa ANCA-GSL elemental analyzer interfaced with a PDZ Europa 20-20 isotope ratio mass spectrometer (Sercon) at the University of WisconsinMadison Soil Science Stable Isotope Facility. The 15 N abundance of each sample was expressed as a percent of total N and calculated as atom% or A%sample = 1003( 15 N)/( 15 N+ 14 N). The natural abundance of 15 N obtained from unlabeled samples was used as the Acontrol% (;0.367) to calculate 15 N enrichment of labeled samples (E%= A%sample 2 Acontrol%).
NUE and NRE Calculations
Factors used to estimate NUE and NRE were calculated as described by Guiboileau et al. (2012) . Briefly, HI was used to evaluate yield and was defined as the DW seed /(DW seed +DW stalk +DW lower +DW upper ). NHI used to assess grain filling with nitrogen was calculated as: N% seed 3 DW seed /(N% seed 3 DW seed + N% stalk 3 DW stalk + N% lower 3 DW lower + N% upper 3 DW upper ). The NUE was then expressed as the ratio of NHI/HI to compare NUE performance among genotypes. To determine the efficiency of nitrogen remobilization to the seeds, 15 NHI was used and defined as (E% seed 3 N% seeds 3 DW seeds )/[(E% seed 3 N% seeds xDW seeds )+(E% stalk xN% stalk 3 DW stalk ) + (E% upper 3 N% upper 3 DW upper ) + (E% lower 3 N% lower 3 DW lower )]. The 15 NHI:HI ratio was used to compare NRE performances among genotypes. 15 N-labeling data were compiled from two biological replicates involving six plants for each genotype.
Accession Numbers
atg12-1 and atg12-2 mRNA sequences have been submitted to NCBI GenBank under accession numbers KP780167 and KP780168, respectively.
Supplemental Data
Supplemental Supplemental Data Set 1. Expression Levels of All Analyzed Maize Atg Genes.
